oxidation of these substrates is tightly coupled to the phosphorylation of ADP. 5. Mitochondria from acetate-grown cells exhibit ADP-dependent oxidation of succinate and a-oxoglutarate, but do not oxidize ,B-hydroxypropionate or malonic semialdehyde. Mitochondria isolated from acetate-grown cells adapted to propionate for 5hr. slowly oxidize ,B-hydroxypropionate and malonic semialdehyde, but no tightly coupled phosphorylation is detectable. 6. Two of the inducible enzymes ofpropionate oxidation are located within the NAD-impermeable barrier and appear to be membrane-bound. 7. The formation of the inducible enzymes is inhibited by cycloheximide and actinomycin D, but not by chloramphenicol.
Polytomella caeca, a colourless flagellate, will grow in a medium containing mineral salts and thiamine, with propionate as the sole carbon source (Wise, 1959) . The various known pathways of propionate metabolism were summarized by Callely & Lloyd (1964) ; several of these have been demonstrated in micro-organisms grown on propionate; e.g. the colourless alga Prototheca zopfli assimilates propionate by ,B-oxidation to acetylCoA, followed by the incorporation of this intermediate by way of the tricarboxylic acid cycle and the glyoxylate cycle (Callely & Lloyd, 1964; Lloyd & Callely, 1965) . Lloyd & Venables (1967) showed that the adaptation of acetate-grown Prototheca zopfii to propionate involves the induction of the enzymes of ,B-oxidation, and that these enzymes are partly located in mitochondria. The study of enzyme distribution in this organism was hindered by the difficulty of preparing extracts without damaging organelles. The present investigation shows that a similar inducible propionate-oxidation system is present in the easily disrupted organism Polytormella caeca, and a study of the distribution of enzymes in subcellular fractions clearly reveals that some of the inducible enzymes are mitochondrial. As the newly synthesized enzymes become integrated into the structure of the mitochondria, so energy production by tightly coupled oxidative phosphorylation becomes possible. The synthesis of these inducible enzymes is not inhibited by chloramphenicol, but is sensitive to cycloheximide and actinomycin D. A preliminary account of some of this work has been published (Evans & Lloyd, 1967a) .
METHODS AND MATERIALS
Maintenance, growth and harvesting of the organism. The organism was maintained, grown and harvested as described by Lloyd & Chance (1968) except that 151. cultures were harvested in the continuous-flow head of an MSE 18 centrifuge at 3000rev./min. at a flow rate of 500ml./min. Growth ofcultures was followed by measurement oftheir extinctions at 400m,u in a Unicam SP. 600 spectrophotometer.
Preparation and fractionation of cell extracts. Preparation of extracts containing disrupted mitochondria for the measurement of total cell enzyme activities was carried 897 out by passage of the cells, after dilution with 3 vol. of 20mM-potassium phosphate buffer, pH6-0, at 40, through a French press (Milner, Lawrence & French, 1950 ) at a pressure of 20001b./in.2. The resulting crude extract was centrifuged at lOOOg for 10min., and the supernatant was used for enzyme assays.
Preparation of extracts containing intact mitochondria was accomplished by suspending cells in 3 vol. of a medium consisting of 0*32M-sucrose, 20mM-tris-HCl buffer, pH7-4, and 4mM-EDTA and homogenizing the suspension with eight strokes of a hand-operated homogenizer (Kontes Glass Co., Vineland, N.J., U.S.A.). Cell breakage was followed by observation in a phase-contrast microscope. The extract was then fractionated in the 6 x 50ml. head of an MSE 17 centrifuge as follows. The crude extract was centrifuged at 300g for 8min. and the resultant supernatant centrifuged again at lOOOg for 8min. The pellets so obtained consisted of a mixture of intact cells, membrane fragments, nuclei and granules of reserve carbohydrate, and were discarded. The supernatant was centrifuged at 7000g for 10min. to give a crude mitochondrial pellet, which was washed once by resuspending it in lOvol. of the isolation medium and centrifuging it again at 7000g for 10min. To obtain coupled mitochondria it was essential to remove all granules of reserve carbohydrate before the mitochondria were centrifuged down.
Analytical methods. Measurements of oxygen uptake by whole cells were made in a conventional Warburg apparatus (Umbreit, Burris & Stauffer, 1957) . Polarographic measurements of oxygen uptake by mitochondrial suspensions were made with an oxygen electrode as described by Lloyd & Brookman (1967) . Protein was assayed by the method of Lowry, Rosebrough, Farr & Randall (1951) with bovine serum albumin as a standard. The procedures of chromatography and radioautography used in the experiments involving the incorporation of labelled propionate into whole cells and cell extracts were identical with those previously reported (Callely & Lloyd, 1964; Lloyd & Callely, 1965) . Oxo acids were detected by the method of Friedemann & Haugen (1943) (Callely & Lloyd, 1964; Lloyd, 1965) . Aconitase was assayed by the method of Racker (1950) , succinate-2,3,5-triphenyltetrazolium reductase by the method of Anderson, Sun, McDonald & Cheldelin (1964) and cytochrome c oxidase by the method of Smith (1955) .
All spectrophotometric assays were carried out at room temperature (20-22°) in a Cary model 14 recording spectrophotometer.
Materials. The sources ofall materials used were identical with those described by Lloyd & Venables (1967) . In addition, [3-14C] (Callely & Lloyd, 1964 
Experiments with extracts containing intact mitochondria
Fractionation of extracts containing intact mitochondria. The distribution of three of the enzymes of propionate oxidation in extracts produced by gentle homogenization of propionate-grown cells was studied (Table 3) . Fractionation by differential centrifugation indicated that 21% of the total propionyl-CoA synthetase, 62% of the total fi-hydroxypropionate dehydrogenase and 33% of the total malonic semialdehyde dehydrogenase activity of the extracts were associated with a fraction containing 83% of the total activity of cytochrome c oxidase, a mitochondrial marker enzyme. Washing of the mitochondrial pellet released a little enzyme activity of propionyl-CoA synthetase and ,-hydroxypropionate dehydrogenase into the 1500Og supernatant, but this accounted for less than 2% of the total enzyme activities. A rather low recovery (74%) of ,6-hydroxypropionate dehydrogenase activity resulted from difficulties of correction for NADH oxidase activity.
A similar distribution of the two NAD-linked enzymes was noted in fractionated extracts of Bioch. 1968, 109 18hr. 82-7+3-7 (5) 2-3+0-4 (5) 901 Conditions of adaptation were as described in Table 1 ; assay procedure was as described in propionate-adapted cells (Table 4) , but in this case a somewhat lower recovery (23%) of malonic semialdehyde dehydrogenase in the mitochondrial fraction was achieved. The results obtained for enzyme distributions were consistent in six experiments.
Electron micrographs (Plates la and lb) indicated that the elongated mitochondria of whole cells became spherical and somewhat swollen during isolation, as do rat liver mitochondria (Whittaker, 1966) . However, they appeared to be functionally intact in the sense that they retained their permeability barriers (Table 7) and showed respiratory control (Tables 5 and 6 ). These are referred to as 'intact' as opposed to those that had been modified by subsequent treatment, e.g. ultrasound.
To demonstrate that the enzyme activities occurring in the crude mitochondrial fractions were genuinely associated with mitochondria, sedimentation in sucrose density gradients was followed. Fig. 6 shows profiles ofprotein and enzyme activities of mitochondria from both propionate-grown and propionate-adapted cells after centrifugation on discontinuous sucrose gradients at 20 OOOg for 5 min. Both NAD-linked enzymes of the f-oxidation pathway sedimented with the bulk of the protein, together with succinate-2,3,5-triphenyltetrazolium reductase, which was used as a mitochondrial marker. Examination of the mitochondrial band indicated that the density-gradient procedure had resulted in a mitochondrial fraction that was free from contamination by other subcellular particles.
Experiment8 with i8olated mitochondria. Mitochondria isolated from propionate-grown cells oxidized propionate very slowly. However, the oxidation of propionyl-CoA, ,B-hydroxypropionate and malonic semialdehyde was more rapid (Table 5) . With the two last-named substrates the rate of oxygen uptake in the presence of Pi was ADPdependent, i.e. the mitochondria exhibited the phenomenon of respiratory control (Chance & Williams, 1955 ). An indication of the P/0 ratios for these substrates was obtained by adding small known amounts of ADP and measuring the oxygen uptake during the accelerated phase (state 3) of respiration after the addition.
Although mitochondria isolated from acetategrown cells readily oxidized succinate or a-oxoglutarate and coupled these oxidations to phosphorylation, no oxidation of either ,B-hydroxypropionate or malonic semialdehyde occurred (Fig. 7) . After 5hr. adaptation of the cells to propionate, isolated mitochondria oxidized both intermediates of propionate assimilation rather more slowly than did mitochondria from propionategrown cells, and no respiratory control was detectable with these substrates though the same mitochondrial suspensions carried out coupled Fraction no. (Lloyd &Venables, 1967) . A further difference between the two organisms is that the mitochondrial fraction of Polytomela caeca contains about 20% of the propionate-activating enzyme, whereas none was detectable in mitochondria from Prototheca zopfii. The relevance of the distribution of enzymes in fractionated extracts to the situation obtaining in vivo was discussed in full by Lloyd & Venables (1967) , as was the significance to control mechanisms of intra-and extra-mitochondrial fl-oxidation of propionate. Further evidence for the partly mitochondrial nature of the two NAD-linked enzymes of the pathway is provided by the finding that the crude mitochondrial fraction sediments in a sucrose density gradient as a single band that contains both enzymes together with succinatetetrazolium reductase activity. All the results presented show that the distribution ofpropionateoxidizing enzymes in propionate-grown cells is identical with that in propionate-adapted cells.
Mitochondria isolated from acetate-grown cells oxidize succinate and a-oxoglutarate, but do not show significant oxygen uptake with propionate or several ofthe intermediates ofpropionate oxidation. These intermediates are rapidly oxidized by mitochondria from propionate-grown and propionate-adapted cells, and the rates of oxidation are ADP-dependent, i.e. the mitochondria show some respiratory control (Chance & Williams, 1955) . The fact that phosphorylation is tightly coupled to the oxidation of, for example, fl-hydroxypropionate suggests that the inducible mitochondrial enzyme is in redox equilibrium with the endogenous pool of mitochondrial NAD and the electron-transport system ofthe inner mitochondrial membrane.
Reduction of the flavoproteins (FpDl and FpD2) of the mitochondrial electron-transport chain 905'
